Cyanobacteria respond to nitrogen deprivation by changing cellular metabolism. Glycogen is accumulated within cells to assimilate excess carbon and energy during nitrogen starvation, and inhibition of glycogen synthesis results in impaired nitrogen response and decreased ability to survive. In spite of glycogen accumulation, genes related to glycogen catabolism are up-regulated by nitrogen deprivation. In this study, we found that glycogen catabolism was also involved in acclimation to nitrogen deprivation in the cyanobacterium Synechococcus sp. PCC 7002. The glgP2 gene, encoding glycogen phosphorylase, was induced by nitrogen deprivation, and its expression was regulated by the nitrogen-regulated response regulator A (NrrA), which is a highly conserved transcriptional regulator in cyanobacteria. Activation of glycogen phosphorylase under nitrogen-deprived conditions was abolished by disruption of the nrrA gene, and survival of the nrrA mutant declined. In addition, a glgP2 mutant was highly susceptible to nitrogen starvation. NrrA also regulated expression of the tal-zwf-opcA operon, encoding enzymes of the oxidative pentose phosphate (OPP) pathway, and inactivation of glucose-6-phosphate dehydrogenase, the first enzyme of the OPP pathway, decreased the ability to survive under nitrogen starvation. It was concluded that NrrA facilitates cell survival by activating glycogen degradation and the OPP pathway under nitrogen-deprived conditions.
Introduction
Cyanobacteria are a diverse group of bacteria that perform oxygenic photosynthesis. Cyanobacteria inhabit almost all of the biosphere where light is available and play an important role in ecosystems as primary producers. Their growth affects the entire ecosystem and is often limited by the deprivation of nutrients, such as nitrogen and phosphorus (Vitousek and Howarth 1991) . In the absence of combined nitrogen sources, many cyanobacteria carry out nitrogen fixation to utilize atmospheric nitrogen as a nitrogen source. Meanwhile, responses to nitrogen deprivation of non-nitrogen-fixing cyanobacteria include cessation of cell proliferation and changes of cellular metabolism and morphology (Schwarz and Forchhammer 2005) . The color of cyanobacterial cultures changes from blue-green to yellow, and this phenomenon is known as bleaching or chlorosis (Collier and Grossman 1992) . During chlorosis, phycobilisomes, light-harvesting antennae protein complexes, were degraded, and then Chl was lost, with a decline of photosynthetic activity (Görl et al. 1998 ). Degradation of phycobilisomes balances production of ATP and NADPH by photosynthesis with utilization of energy for cell maintenance during nitrogen starvation (Schwarz and Grossman 1998) . Imbalances between energy acquisition and utilization could result in production of reactive oxygen species (Latifi et al. 2009 ). Thus, the pigment degradation is crucial for cell survival under conditions of nitrogen deprivation.
Glycogen accumulation is another response to nitrogen deprivation in cyanobacteria (Gründel et al. 2012 , Jackson et al. 2015 . Glycogen amounts to 40-60% of the dry cell weight under nitrogen-deprived conditions (Hasunuma et al. 2013) . Glycogen is synthesized from glucose-1-phosphate by the series of reactions catalyzed by ADP-glucose pyrophosphorylase and glycogen synthase (Suzuki et al. 2010) . Under nitrogendeprived conditions, cell growth ceases, and demands for building blocks of cellular components and energy for cellular activity are decreased. Hence, excess carbon and energy are stored as glycogen. Inhibition of glycogen synthesis perturbs carbon and energy homeostasis and reduces cell viability during nitrogen starvation (Gründel et al. 2012) . Moreover, mutants in glycogen synthesis are unable to degrade phycobilisomes, indicating that glycogen synthesis is involved in regulation of the nitrogen response (Gründel et al. 2012 , Hickman et al. 2013 , Jackson et al. 2015 .
In cyanobacteria, the glgP gene, encoding glycogen phosphorylase (GP) that is involved in glycogen breakdown, is upregulated by nitrogen deprivation, and activation of glycogen catabolism is suggested to be a primitive response to nitrogen deprivation (Ehira et al. 2017) . Expression of glgP is regulated by the nitrogen-regulated response regulator A (NrrA) Ohmori 2011, Liu and Yang 2014) . NrrA is a highly conserved transcriptional regulator among b-cyanobacteria and its expression is induced by nitrogen deprivation Ohmori 2006a, Muro-Pastor et al. 2006 ). In the unicellular cyanobacterium Synechocystis sp. PCC 6803, NrrA facilitates heterotrophic growth with glucose in the dark by up-regulating expression of genes involved in glycogen catabolism (Azuma et al. 2011 ). In the nitrogen-fixing, heterocystous cyanobacterium Anabaena sp. PCC 7120, NrrA regulates nitrogen fixation activity by activating glycogen catabolism (Ehira and Ohmori 2011) . NrrA is shown to be a regulator of glycogen catabolism, but it still remains to be unraveled whether NrrA and glycogen catabolism are involved in acclimation to nitrogen starvation.
In this study, we characterized an nrrA mutant of the nonnitrogen-fixing cyanobacterium Synechococcus sp. PCC 7002 and indicated that the ability of the nrrA mutant to survive during nitrogen starvation was lower than that of the wild-type (WT) strain. In addition, disruption of the glgP2 gene, which was regulated by NrrA, resulted in a drastic decline of survival. Thus, glycogen catabolism is crucial for survival under nitrogen starvation. In contrast to the mutant of glycogen synthesis, the nrrA and glgP2 mutants responded normally to nitrogen deprivation, i.e. photosynthetic pigments were degraded and glycogen was accumulated within cells, indicating that glycogen degradation plays different roles from glycogen synthesis in acclimation to nitrogen deprivation.
Results
NrrA plays an important role in cell survival under nitrogen-deprived conditions Expression of nrrA is induced by nitrogen deprivation in bcyanobacteria including Synechococcus PCC 7002 (Ehira et al. 2017) . To investigate a role for nrrA in acclimation to nitrogen starvation, an insertion mutant of the nrrA gene in Synechococcus PCC 7002 was created, and cellular viability after incubation under nitrogen-deprived conditions was determined by calculating the colony-forming units (CFU) (Fig. 1) . In the WT, the CFU were reduced to 15% after 1 d of nitrogen starvation and to 4% after 2 d. The CFU of the nrrA mutant immediately after shift to nitrogen-free medium were comparable with those of the WT; however they were reduced to 6% after 1 d and, after 2 d, only 0.6% of cells were able to regrow. Thus, the nrrA mutant was susceptible to nitrogen starvation, indicating that the nrrA gene facilitates cell survival under nitrogen starvation.
Under nitrogen-deprived conditions, photosynthetic pigments are degraded, photosynthetic activity declines and glycogen is accumulated within cells, which are important responses to acclimate to nitrogen starvation (Gründel et al. 2012 , Jackson et al. 2015 . We investigated whether the nrrA mutant was able to respond adequately to nitrogen deprivation (Fig. 2) . Photosynthetic activity was assayed by measuring oxygen generation by PSII with bicarbonate as an electron acceptor ( Fig. 2A) , and glycogen levels within cells were determined by measuring glucose that was liberated from glycogen by glucoamylase (Fig. 2C) . Changes in photosynthetic activity and contents of Chl and glycogen in the nrrA mutant were comparable with those in the WT, indicating that the nrrA mutant was capable of responding normally to nitrogen deprivation at least with respect to suppression of photosynthesis and accumulation of glycogen. Thus, NrrA is likely to support cell survival by hitherto unidentified mechanisms.
NrrA activates glycogen catabolism and respiration under nitrogen-deprived conditions
To identify genes regulated by NrrA, RNA-sequencing analysis was conducted in the WT and the nrrA mutant. In the WT, the transcript levels of 404 genes were increased 3 h after nitrogen deprivation (Supplementary Table S1 ). The up-regulated genes included glnA, glnN, nblA, the ctaI operon, the ctaII operon, amt and ndhD2, which was consistent with the previous report by Ludwig and Bryant (2012) . NrrA-regulated genes were identified by comparing the gene expression profile 3 h after nitrogen deprivation between the WT and the nrrA mutant. The transcript levels of 25 genes that were induced by nitrogen deprivation were decreased by disruption of nrrA ( Table 1) . As is the case in other b-cyanobacteria (Ehira et al. 2017) , glgP2 that encodes GP was down-regulated by nrrA disruption. In addition, the tal-zwf-opcA operon that encodes enzymes of the oxidative pentose phosphate (OPP) pathway and the ctaI (ctaCI-DI-EI) operon that encodes Cyt oxidase were down-regulated. Because the gene expression profile of the nrrA mutant was analyzed by RNA-sequencing only once without making biological replicates, we confirmed the differences in gene expression by quantitative reverse transcription-PCR (qRT-PCR). It was shown that the transcript levels of glgP2, tal, zwf, opcA and ctaCI after 3 h of nitrogen deprivation were decreased in the nrrA mutant ( Fig. 3; Supplementary Fig. S1 ). The gnd gene that encodes 6-phosphogluconate dehydrogenase (6PGD), another enzyme of the OPP pathway, was also up-regulated by nitrogen deprivation (Supplementary Table S1 ). The difference between the WT and the nrrA mutant was not significant in the RNA-sequencing analysis, but qRT-PCR showed that the transcript level of gnd was decreased by disruption of nrrA (Fig. 3) .
Although the transcript levels of glgP2, tal, ctaCI and gnd were significantly decreased 3 h after nitrogen deprivation in the nrrA mutant, expression of these genes was increased after 6 h (Fig. 3) . To analyze the consequence of the delayed induction in the nrrA mutant, enzyme activities of GP and two enzymes of the OPP pathway, glucose-6-phosphate dehydrogenase (G6PD) encoded by zwf and 6PGD at 9 h after nitrogen deprivation were determined. Consistent with changes in the transcript levels, activities of these enzymes were increased by nitrogen deprivation in the WT (Fig. 4A ). In the nrrA mutant, activities of these enzymes before nitrogen deprivation were the same as those in the WT, but an increase after nitrogen deprivation was not observed or was less than that in the WT (Fig. 4A) . These results indicate that the delayed induction of gene expression in the nrrA mutant significantly reduces the enzyme activities after nitrogen deprivation. Next, oxygen consumption rates were determined. Oxygen consumption rates of the WT were increased about 3-fold 3 h after nitrogen deprivation, and then gradually decreased to the level before nitrogen deprivation (Fig. 4B) . In the nrrA mutant, oxygen consumption rates were also increased by 85% after 3 h, but the activity was 40% lower than that of the WT (Fig. 4B) . Thus, NrrA activates glycogen degradation, the OPP pathway and respiration in response to nitrogen deprivation. and the glgP2 mutant (filled triangles) that were subjected to nitrogen deficiency for the indicated time were collected, and then photosynthetic activities (A), Chl (B) and glycogen contents (C) were determined. The means ± SD (error bar) of at least three independent experiments are shown.
Glycogen degradation and the OPP pathway facilitate cell survival under nitrogen-deprived conditions
The nrrA disruptant showed reduced ability to survive under nitrogen-deprived conditions (Fig. 1) . To reveal which genes regulated by NrrA were related to survival under nitrogen starvation, the glgP2, opcA and ctaCI genes were inactivated and cell viability of the mutants was determined. The viability of the glgP2 and opcA mutants was lower than that of the WT (Fig. 1B) . The decrease of viability in the opcA mutant was comparable with that in the nrrA mutant, while the glgP2 mutant was much more susceptible to nitrogen starvation than the nrrA mutant. The CFU of the glgP2 mutant after 24 h of nitrogen deprivation were <1% of those of the nrrA mutant. Because disruption of glgP2 might affect glycogen synthesis, which is important for cell survival under nitrogen starvation (Gründel et al. 2012) , glycogen contents of the glgP2 disruptant were determined. The glycogen level was increased 10-fold within 6 h after nitrogen deprivation as well as in the WT, though the levels after 24 and 48 h were 25% lower than those of the WT (Fig. 2C) . Thus, glycogen synthesis was not inhibited in the glgP2 mutant, suggesting that the decrease of viability in the glgP2 mutant was not caused by impairment of glycogen synthesis. Glycogen degradation catalyzed by GP could allow cells to survive under nitrogen starvation. OpcA is an allosteric activator of G6PD and its disruption results in the loss of G6PD activity (Summers et al. 1995, Hagen and Meeks 2001) . G6PD, which is the first enzyme of the OPP pathway, controls the entire activity of the pathway. Thus, it was shown that the OPP pathway also supports survival under nitrogen starvation. Meanwhile, disruption of ctaCI did not affect cell viability (data not shown). In Synechococcus PCC 7002, there are two operons (ctaI and ctaII) that encode Cyt oxidases (Nomura et al. 2006a) . Although both operons were up-regulated by nitrogen deprivation, only ctaI was regulated by NrrA (Table 1;  Supplementary Table S1 ). Oxygen consumption rates of the ctaCI mutant were lower than those of the WT even before nitrogen deprivation, but were increased about 3-fold after nitrogen deprivation as well as in the WT (Fig. 4B) . Thus, the ctaI operon was not required for activation of respiration and survival under nitrogen starvation. These results indicate that up-regulation of the glgP2 gene and the tal-zwf-opcA operon by NrrA plays an important role in acclimation to nitrogen deprivation. NrrA directly regulates expression of the glgP2 and gnd genes, and the tal-zwf-opcA and ctaI operons
Interaction between NrrA and upstream regions of glgP2, tal, ctaCI and gnd was analyzed by electrophoretic mobility shift assay. His-tagged NrrA protein was mixed with Cy3-labeled DNA probes containing the upstream region of glgP2, tal, ctaCI or gnd, and then the mixtures were subjected to electrophoresis. NrrA decreased the electrophoretic mobility of DNA probes in a concentration-dependent manner (Fig. 5A) . Addition of non-labeled probe diminished the interaction of NrrA and DNA probes, but the DNA fragment PhetR2, which does not bind to NrrA of Anabaena PCC 7120 (Ehira and Ohmori 2014), did not affect the interaction. NrrA recognizes the inverted repeat sequence GTCAN 8 TGAC (Ehira et al. 2017 ). The NrrA recognition sequences were found within the upstream regions of glgP2, tal, ctaCI and gnd (Fig. 5B) . These results strongly support the idea that NrrA directly regulates expression of these genes.
Discussion
In this study, we demonstrated that the nitrogen-regulated response regulator NrrA played an important role in survival under nitrogen starvation in Synechococcus PCC 7002. NrrA directly regulated expression of glgP2, gnd, tal-zwf-opcA and the ctaI operon in response to nitrogen deprivation. Activation of GP, enzymes of the OPP pathway and respiration under nitrogen-deprived conditions was diminished by nrrA disruption, which led to a decline in the ability to survive under nitrogen starvation. The glgP2 and opcA mutants were also susceptible to nitrogen starvation, indicating that NrrAdependent activation of glycogen degradation and the OPP pathway would be crucial for acclimation to nitrogen starvation. NrrA is a highly conserved transcriptional regulator among b-cyanobacteria (Ehira et al. 2017) . It has been shown that NrrA regulates genes for glycogen catabolism and respiration in Synechococcus elongatus PCC 7942 and Synechocystis PCC 6803, as well as in Synechococcus PCC 7002 (Azuma et al. 2011 , Ehira et al. 2017 . Activation of glycogen catabolism and respiration by NrrA would be a universal response to nitrogen starvation in cyanobacteria. It is noteworthy that glycogen contents of the nrrA mutant after nitrogen deprivation were not higher than those of the WT in Synechococcus PCC 7002 (Fig. 2C) . In Synechocystis PCC 6803 and Anabaena PCC 7120, disruption of nrrA increases glycogen contents under nitrogen-deprived conditions Ohmori 2011, Liu and Yang 2014) . This discrepancy could reflect differences in the methods for determination of glycogen contents, but the possibility that glycogen degradation activity in Synechococcus PCC 7002 might be relatively low compared with Synechocystis PCC 6803 and Anabaena PCC 7120 could not be ruled out. In cyanobacteria, glucose derived from glycogen degradation is mainly catabolized though the OPP pathway (Jansén et al. 2010 , Nakajima et al. 2014 . The OPP pathway produces NADPH, and NADPH is used as the electron donor for respiration in cyanobacteria (Ogawa and Mi 2007) . The activity of the OPP pathway is regulated by the cellular redox state and is usually suppressed under photoautotrophic conditions to prevent futile cycling, which occurs if the Calvin-Benson and OPP pathways operate simultaneously (Udvardy et al. 1984) . However, the OPP pathway enhanced survival under nitrogen starvation (Fig. 1) , indicating that the OPP pathway was operative in those conditions. Photosynthetic activity was decreased to one-third within 6 h after nitrogen deprivation, with a further decline to one-tenth after 24 h, when the increase in glycogen level ceased (Fig. 2) . ATP and NADPH supply from photosynthesis would be insufficient to sustain cell viability when nitrogen starvation was prolonged, and glycogen degradation and the subsequent catabolism through the OPP pathway could compensate for the shortage of ATP and NADPH to support long-term survival.
The glgP2 mutant was much more sensitive to nitrogen starvation than the nrrA and opcA mutants (Fig. 1) . The difference in tha ability to survive between the glgP2 and opcA mutants implies that the OPP pathway is not the sole route of glucose catabolism. The gap and pyk genes, encoding key Fig. 4 Changes in enzyme activities after nitrogen deprivation. (A) Activities of glycogen phosphorylase (GP), glucose-6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD) were determined before (open bars) and 9 h after nitrogen deprivation (filled bars) in the WT and the nrrA mutant (ÁnrrA). P-values in the t-test are indicated. (B) Respiration activities of cells subjected to nitrogen deficiency for the indicated time were determined in the WT (filled circles), the nrrA mutant (open circles) and the ctaCI mutant (black triangles). Data that represent a significant difference (P < 0.05) by applying the t-test between the WT and the mutants are marked with asterisks. Measurement was repeated at least three times with cells from independently grown cultures. Ehira et al. 2017) . Glucose could also be catabolized via the EMP pathway. In addition, the Entner-Doudoroff (ED) pathway has been shown to operate in cyanobacteria (Chen et al. 2016) . Compared with the EMP pathway, the ED pathway has lower ATP yield, but requires less enzymatic protein to achieve the same glycolytic flux (Flamholz et al. 2013) . Thus, the ED pathway would be preferable to the EMP pathway under nitrogendeprived conditions, when protein synthesis is limited. Further research is needed to clarify the contribution of each glucose degradation pathway to acclimation to nitrogen starvation.
A B
In the nrrA disruptant, expression of glgP2 was not increased until 3 h after nitrogen deprivation, but it was induced at 6 h (Fig. 3) . The nitrogen-dependent induction of glgP2 would be controlled by multiple transcriptional regulators including NrrA. In Anabaena PCC 7120 and Synechocystis PCC 6803, a group 2 sigma factor, SigE, is involved in regulation of glycogen catabolism (Azuma et al. 2011, Ehira and Ohmori 2011) . The sigC gene, encoding a SigE ortholog in Synechococcus PCC 7002, was up-regulated by nitrogen deprivation (Supplementary Table S1 ). The collaborative regulation of glycogen catabolism by NrrA and SigC would also function in Synechococcus PCC 7002. Although the glgP2 transcript level was increased with a delay of 3 h in the nrrA mutant, the activity of GP was not increased (Fig. 4A) . This was the same for G6PD and 6PGD. It is likely that a delay in the transcriptional induction results in disconnection of transcription and translation. Intracellular levels of some amino acids, such as alanine, aspartate, asparagine, glutamate and valine, are decreased with time during nitrogen starvation (Hasunuma et al. 2013) , and the shortage of amino acids would hinder de novo protein synthesis. Thus, NrrA enables cells to respond rapidly to nitrogen deprivation, and a rapid response is crucial for adjusting the cellular proteome to survival under nitrogen starvation.
Materials and Methods

Bacterial strains and culture conditions
Synechococcus sp. PCC 7002 and its derivatives were grown at 38 C with continuous illumination at 200 mmol photons m -2 s -2 in A + medium as described previously (Ehira et al. 2017) . Liquid cultures were bubbled with air containing 1% (v/v) CO 2 . To shift cells into conditions of nitrogen deprivation, cells were washed with sterilized water three times and then resuspended in A medium without combined nitrogen sources at an OD 750 of 0.5, followed by cultivation under the same conditions as mentioned above. Kanamycin (50 mg ml ) was added to cultures of the nrrA and ctaCI mutants, and spectinomycin (50 mg ml -1 ) was added to cultures of the glgP2 and opcA mutants when required.
Mutant construction
To inactivate the glgP2 gene, a DNA fragment containing the glgP2 gene was amplified by PCR using the primer pair sypglgP2-F and sypglgP2-R (Supplementary Table S2 ). The fragment was cloned at the EcoRV site of pPCR-Script Amp SK+ (Agilent Technologies). A spectinomycin resistance cassette from the plasmid pDW9 (Golden and Wiest 1988) was inserted into the XbaI site within the glgP2 coding region. To inactivate nrrA, opcA and ctaCI, upstream and downstream regions of each gene were amplified by PCR using primer pairs 5F and 5R, and 3F and 3R for each gene, respectively (Supplementary Table S2 ), and a spectinomycin or kanamycin cassette was inserted between the upstream and downstream fragments. These plasmids were used for transformation of Synechococcus PCC 7002.
Glycogen determination
The cellular glycogen content was determined according to Jackson et al. (2015) . Briefly, glycogen was extracted from cells by boiling in 30% (w/v) KOH for 1 h, and then precipitated by mixing with ethanol. Glycogen content was determined by measuring glucose liberated by treatment of a-amyloglucosidase using a glycogen colorimetric/fluorometric assay kit (BioVision).
Oxygen evolution assay
Oxygen evolution and consumption activities were determined using a Clarktype electrode (Hansatech Instruments) according to Nomura et al. (2006b) . To determine photosynthetic activities, 1 ml of culture (OD 750 of 0.5-1.0) was placed into an electrode chamber and 5 mM NaHCO 3 was added. The samples were kept in the dark for 5 min without a lid to saturate the samples with air levels of oxygen. Oxygen evolution was recorded for 5 min at 38 C with a saturating amount of light (4,000 mmol photons m -2 s -1
). Photosynthetic activities were determined by adding values of oxygen consumption in the dark to those of oxygen evolution. To determine respiration activities, 1 ml of culture concentrated to OD 750 of about 4.0 was used. Oxygen consumption was measured in the dark for 5 min and then 1 mM KCN was added. Respiration activities were determined by subtracting values of oxygen consumption with KCN from those in the dark. The Chl content of cultures was determined according to Mackinney (1941) .
RNA extraction and qRT-PCR analysis
RNA extraction and qRT-PCR analysis were conducted according to Ehira and Ohmori (2011) using GoTaq qPCR Master Mix (Promega). Primers used for qRT-PCR are listed in Supplementary Table S2 .
RNA-sequencing analysis
Libraries for RNA-sequencing were constructed using 1 mg of total RNA as follows. rRNA was depleted from total RNA by the Ribo-Zero rRNA Removal kit (Bacteria) (Illumina) according to the manufacturer's protocol. Sequencing libraries were prepared by an NEBNext mRNA library prep kit from Illumina (NEB) with the following modifications. The random hexamer primer was used for reverse transcription. After second-strand synthesis, double-stranded cDNA was fragmented to an average length of 300 bp using a Covaris S2 sonication system (Covaris). Three biological replicates were made for each condition (before nitrogen deprivation and 3 h after nitrogen deprivation) of the WT, whereas no biological replicate was made for each condition of the nrrA mutant. One hundred base pairs from both ends of each fragment were then sequenced on the HiSeq2500 system platform (Illumina). After the sequencing reactions were complete, the Illumina analysis pipeline (CASAVA 1.8.0) was used to process the raw sequencing data. Original read data are available under the accession numbers DRX114943-DRX114950 in the DDBJ/ENA/GenBank. All reads obtained were first processed with Cutadapt version 1.14 (Martin 2011) to remove adaptor sequences. The processed reads were further treated with SolexaQA++ version 3.1.7.1 (Cox et al. 2010) to select pairs of sequences with a quality score 25 for 50 consecutive nucleotides for both forward and reverse reads. The processed high quality read pairs were mapped onto the reference genome (GCA_000019485.1_ASM1948v1_genomic.fna) using Bowtie 2 version 2.3.3 (Langmead and Salzberg 2012) . Using HTSeq (Anders et al. 2015) , the number of reads mapped onto each gene was then counted, providing a gff file (GCA_000019485.1_ASM1948v1_genomic.gff) as the reference gene annotation. Based on the information of the raw read counts, differentially expressed genes between conditions were detected by using TCC (Sun et al. 2013 ).
Gel mobility shift assay
His-tagged NrrA proteins were prepared as described previously (Ehira et al. 2017) . DNA fragments of the promoter regions for each gene were generated by PCR using the primer pairs listed in Supplementary Table S2 . The fragments were cloned in the HinCII site of pHSG396 (TAKARA BIO INC.) and the resultant plasmids were used as templates of PCR with a Cy3-labeled primer Cy3-M13-F. A gel mobility shift assay was conducted using 3 nM Cy3-labeled probes as described previously (Ehira and Ohmori 2006b) , and the probes were detected with the FLA9000image scanner (Fuji Film).
